DNA replication is carried out by the replisome, which includes several proteins that are targets of cell-cycle-regulated kinases. The phosphorylation of proteins such as replication protein A, DNA polymerase-α and -δ, replication factor C, flap endonuclease 1 and DNA ligase I leads to their inactivation, suggesting that phosphorylation is important in the prevention of re-replication. Moreover, the phosphorylation of several of these replication proteins has been shown to block their association with the 'moving platform'-proliferating cell nuclear antigen. Therefore, phosphorylation seems to be a crucial regulator of replisome assembly and DNA replication, although its precise role in these processes remains to be clarified.
Introduction
DNA replication guarantees the duplication of the genome and requires the concerted action of many enzymes (Bell & Dutta, 2002) . This process is initiated by the assembly of the origin-recognition complex (ORC) at replication origins. The ORC recruits the pre-replicative complex (cell division cycle 6 (Cdc6), Cdc10-dependent transcript 1 (Cdt1) and the minichromosome maintenance (Mcm) proteins) to replication origins during the G1 phase. This complex is activated by cyclin-dependent kinases (Cdks) and the cell division cycle 7-dumb bell former 4 (Cdc7-Dbf4) complex in S phase to promote the initiation of DNA replication. For example, the helicase activity of the Mcm subcomplex unwinds the DNA, which in turn attracts replication protein A (RPA). RPA stabilizes the single-stranded (ss)DNA. After DNA polymerase-α (Pol-α)-dependent synthesis of an RNA/DNA primer on the ssDNA (Fig. 1, step 1) , replication factor C (RFC) induces a DNApolymerase switch, from Pol-α to Pol-δ. To accomplish this, RFC binds to the primer and loads proliferating cell nuclear antigen (PCNA) (Fig. 1, step 2) onto the DNA, which, in turn, recruits Pol-δ (Fig. 1,  step 3 ). Whereas the Pol-δ holoenzyme (comprising PCNA, RFC and Pol-δ) carries out processive DNA synthesis on the leading strand, it performs discontinuous assembly on the lagging strand. The latter process involves first extending the RNA/DNA primers that are produced by Pol-α to create Okazaki fragments. When Pol-δ encounters the previous RNA/DNA primer during the elongation step of the lagging strand, it performs strand displacement to release the primer (Fig. 1, step 4) . Next, PCNA binds flap endonuclease 1 (Fen1), which then cuts the displaced RNA/DNA (Fig. 1, step 5 ), possibly in conjunction with the endonuclease Dna2. Finally, PCNA recruits DNA ligase I (LigI) to seal the DNA strand (Fig. 1, step 6 ). Because the length of an Okazaki fragment is less than 200 bases, this process occurs more than 2 × 10 7 times per round of replication in the human genome. Many of the eukaryotic DNA replication proteins have been shown to be targets for phosphorylation. In this review, we summarize the progress in understanding the role of this modification in regulating the activities of these proteins.
Functional consequences of phosphorylation
The activation of pre-replicative complexes (consisting of the ORC, Cdc6, Cdt1 and Mcm2-Mcm7) at origins of DNA replication at the beginning of S phase occurs due to the action of many Cdks. It is also aided by the Cdc7-Dbf4 complex, although the extent of involvement of this complex is not well understood. However, as Cdks have been implicated not only in the initiation of DNA replication, but also in the prevention of re-replication of the genome (Bell & Dutta, 2002) , the phosphorylation of Cdk targets seems to have both positive and negative effects on DNA replication (Jallepalli & Kelly, 1997) .
Consistent with the dual role of phosphorylation in the control of DNA replication, the phosphorylation of replication proteins is not restricted to the initiation step. The ssDNA binding protein RPA, which is composed of three subunits (RPA1, RPA2 and RPA3), is phosphorylated twice during the cell cycle. The first time is during S phase, at which point RPA2 (Din et al., 1990) , specifically, is phosphorylated by the Cdk2 kinase (Dutta & Stillman, 1992) , while it is bound to ssDNA (Fotedar & Roberts, 1992) . This event has been shown to result in the inhibition of simian virus 40 (SV40) DNA replication in vitro (Pan et al., 1995) . RPA2 is also phosphorylated by Cdk1-cyclin A and Cdk1-cyclin B in late S phase, which leads to dissociation of the RPA trimer (Treuner et al., 1999) . Surprisingly, mutations that prevent phosphorylation of RPA2 have no effect on SV40 DNA replication (Henricksen et al., 1994) , although a truncated RPA2 that lacks the Cdk phosphorylation site has a cell proliferation phenotype in yeast (Philipova et al., 1996) .
The p180 and p68 subunits of the heterotetrameric Pol-α have also been reported to be phosphorylated at different stages of the cell cycle in many organisms, including humans (Nasheuer et al., 1991) . The p68 subunit is phosphorylated during S phase in Saccharomyces cerevisiae (Foiani et al., 1995) , and the p180 subunit during late S phase in Schizosaccharomyces pombe . Both subunits also seem to be modified at the G2-M phase transition by Cdc2 (Voitenleitner et al., 1997) . SV40 DNA-replication experiments showed that Pol-α is stimulated on Cdk2-cyclin-E-mediated phosphorylation of both p180 and p68, and showed that, in contrast, Cdk2-cyclin A and Cdk1-cyclin A each have an inhibitory effect on both subunits (Voitenleitner et al., 1999) . Nevertheless, in non-viral systems, phosphorylation of p68 by Cdk2-cyclin A stimulates Pol-α activity per se, whereas phosphorylation of p180 inhibits the Pol-α initiation activity by blocking any interaction with the large T antigen (Schub et al., 2001) . In summary, the control of Pol-α might occur as follows: first, before the cell enters S phase, the 180-kDa subunit of Pol-α is phosphorylated by Cdc7-Dbf4, an enzyme complex that is important for the initiation of DNA replication (Jares et al., 2000) . Second, at the G1-S phase transition, the 180-kDa subunit is phosphorylated by Cdk2-cyclin E. Third, Cdk2-cyclin E also stimulates the initiation of replication during early S phase, and Cdk2-cyclin A kinase competes with protein phosphatase 2A, which until this point ensures that the p68 subunit remains inactive (Schub et al., 2001) . This results in an overall increase in phosphorylation and activation of the p68 subunit. Finally, later in S phase, Cdk2-cyclin A and Cdk1-cyclin A phosphorylate p180 to prevent re-initiation.
RFC induction of the polymerase switch, an ATP-dependent process that occurs after the RNA/DNA primer is synthesized, is another event that requires phosphorylation. Maga et al. (1997) have shown that the calmodulin-dependent protein kinase II (CaMKII) phosphorylates the PCNA binding region of the large RFC subunit p140 in vitro, thus blocking the PCNA-RFC interaction. CaMKII activity is required for the G1-S phase transition of the cell cycle, and therefore might be involved in signalling downstream of Cdk activation (Morris et al., 1998; Rasmussen & Rasmussen, 1995) . Furthermore, the RFC subunit p140 may be phosphorylated by Cdks (Koundrioukoff et al., 2000) , as also suggested by the recent discovery of a replication complex that includes RFC, cyclin A, cyclin B1, Cdk1 and Cdk2 (Frouin et al., 2002) .
The recruitment of heterotetrameric Pol-δ on PCNA loading onto DNA may also require phosphorylation. The large subunit of Pol-δ (p125) is known to be phosphorylated during the cell cycle, preferentially during the S phase (Zeng et al., 1994) . Although in vitro studies have failed to show a difference in activity when this catalytic subunit is phosphorylated by Cdk2-cyclin kinases, recent data suggest that the p60 subunit is phosphorylated in vivo, as well as being a substrate for Cdk2-cyclin E, Cdk2-cyclin A and Cdk1-cyclin A in vitro (Ducoux et al., 2001) . Furthermore, phosphorylation might have an effect on the interaction between PCNA and the Pol-δ holoenzyme (Frouin et al., 2002) .
Several findings have also suggested a regulatory role for Cdks in the recruitment of the endonucleases Dna2 and Fen1 during the maturation of Okazaki fragments on the lagging strand. Step 1: primer synthesis by DNA polymerase-α (Pol-α); step 2: replication factor C (RFC) displacement of DNA polymerase and recruitment of proliferating cell nuclear antigen (PCNA); step 3: elongation by the newly recruited DNA polymerase-δ holoenzyme (Pol-δ); step 4: strand displacement by Pol-δ; step 5: cutting of the 5′ displaced flap by flap endonuclease 1 (Fen1); and step 6: sealing by DNA ligase I (LigI). For details, see main text.
endo-and exonuclease activities and prevents its PCNA binding (G.H., S.K. & U.H., unpublished data). These findings suggest that phosphorylation first functions to inactivate Fen1 and subsequently blocks its PCNA binding ability. It has also been proposed that phosphorylation regulates LigI activity, which is required to seal the nicks left by the endonuclease (Bell & Dutta, 2002) . In vitro studies have shown that LigI is phosphorylated by casein kinase II (CKII; Rossi et al., 1999) , a ubiquitous serine/threonine kinase (Allende & Allende, 1995) that is thought to be involved in a Cdk pathway, at the end of S phase (Russo et al., 1992) . Moreover, LigI is a substrate for Cdks in vitro (Koundrioukoff et al., 2000) , and PCNA recruitment of LigI to replication factories-the nuclear structures that contain the replication machinery (Montecucco et al., 1998) -has also been found to be cell-cycle regulated, with the PCNA interaction with LigI being blocked after S phase (Rossi et al., 1999) . It is possible that LigI phosphorylation by Cdks and CKII prevents its interaction with PCNA, resulting in the release of LigI from the replication machinery.
Synopsis of Cdk activity in the cell cycle
As is the case for its well-described control over cell-cycle progression, the Cdk protein family has a central role in regulating DNA replication through the successive activation of different family members (Nigg, 1995) . The activation of different Cdks through the G1-G2 phases of the cell cycle proceeds as follows: complexes of D-type cyclins and Cdk4-Cdk6 are required for G1 progression; the association of Cdk2 and cyclin E is required for the G1-S phase transition; the activity of the Cdk2-cyclin A complex is needed for progression through S phase; and finally, A-and B-type cyclins associate with Cdk1 to promote the start of mitosis. Throughout this progression, Cdks are required for replication initiation (Bell & Dutta, 2002) , as well as being key enzymes in DNA synthesis. Table 1 gives a summary of Cdk substrates and the biological consequences of their phosphorylation. Further evidence that Cdks are involved in replication is that Cdk2-cyclin A is localized to replication foci (Cardoso et al., 1993) , and that cyclin A, cyclin B and Cdk2, together with Cdk1, have been found in replication complexes (Fotedar & Roberts, 1991; Frouin et al., 2002; Jaumot et al., 1994) . Other kinases, such as CaMKII and CKII, phosphorylate RFC and LigI (Maga et al., 1997; Prigent et al., 1992; Rossi et al., 1999) , respectively, and each of these kinases has been shown to be involved in a pathway that includes Cdks. CaMKII acts after the Cdks are activated in G1, and its inhibition does not lead to Cdk inactivation (Rasmussen & Rasmussen, 1995) . CKII is phosphorylated by Cdk1 (Litchfield et al., 1992) and, although it can also phosphorylate Cdk1 (Russo et al., 1992) , most of the data suggest that the Cdks probably act upstream of CKII and CaMKII. Phosphorylation, at certain times, activates some replication proteins. However, the following data make a case for the idea that phosphorylation also functions to inhibit the activity of replication proteins. First, the RPA complex dissociates after phosphoryation late in the cell cycle (Treuner et al., 1999) . Second, Pol-α is inhibited by the phosphorylation of its p180 subunit during the later stages of the cell cycle (Schub et al., 2001) . Third, the interactions between PCNA and RFC (Maga et al., 1997 ), Fen1 (G.H., S.K. & U.H., unpublished data), LigI (Rossi et al., 1999) , and possibly Pol-δ (Ducoux et al., 2001) , are blocked after each of these PCNA-binding proteins is phosphorylated. Therefore, phosphorylation might control DNA replication as follows (Fig. 2) : Cdks first inhibit Pol-α activity on DNA; CaMKII and Cdks act in concert to dissociate the Pol-δ holoenzyme originally loaded onto the DNA by RFC-PCNA; CKII and the Cdks disrupt the interactions between PCNA and Fen1 and LigI, ending the synthesis of the lagging strand; and finally, RPA phosphorylation causes its dissociation from the ssDNA. This makes sense because when replication is complete, no ssDNA remains and the presence of RPA is not required. This suggests that the consequences of phosphorylation events that have a negative impact on replication could have a common basis: the disruption of interactions between other replication proteins and PCNA. This idea is appealing as, although PCNA itself does not seem to be phosphorylated, it exists in a complex in vivo with Cdks (Xiong et al., 1992) and also with the phosphatase regulator Cdc25C (Kawabe et al., 2002) . The 'moving platform' PCNA might therefore function as a partner to kinases and Cdc25C in the regulation of DNA replication by controlling the phosphorylation state of incoming target proteins. The localization of replication proteins to replication factories is a dynamic process (Dimitrova & Gilbert, 2000; Leonhardt et al., 2000; Montecucco et al., 2001) , and Cdk-cyclin complexes may co-ordinate the recruitment of replication proteins to the fork while they are associated with PCNA. Furthermore, RPA and Pol-α are not localized to chromatin when a mitotic Cdk is active (Adachi & Laemmli, 1994; Desdouets et al., 1998) , illustrating again that kinases probably control the organization of the replication fork. The multifunctional protein RPA may be an example of a typical component of a complex phosphorylation pathway. The direct and/or indirect activity of Cdk2-cyclin A leads to RPA2 phosphorylation. This process is carried out by a DNA-dependent serine/threonine protein kinase (DNAPK) (Fotedar & Roberts, 1992) that is activated when it is bound to DNA, and is involved in DNA repair and recombination (Smith & Jackson, 1999) . The combined kinase activities of Cdk2 and DNAPK lead to hyperphosphorylation of RPA2 and to dissociation of the RPA heterotrimer (Treuner et al., 1999) . The fact that phosphorylation of RPA2 occurs even in cells with defective checkpoints, such as those from patients with ataxia telangiectasia, suggests that this is a late response to DNA damage. A plausible model for the mechanism of action of DNAPK might be that its hyperphosphorylation of RPA2 helps to redirect RPA towards DNA repair. Finally, RPA has also been implicated in homologous recombination (McIlwraith et al., 2000) , which is a DNA-repair pathway that removes double-stranded breaks. This last example clearly shows that phosphorylation of RPA is involved in the quality control of DNA, as well as in the regulation of both the cell cycle and DNA replication.
Future directions
The regulation of DNA replication by cell-cycle-regulated kinases has been established clearly, and the list of new kinases and phosphorylation-targeted replication proteins continues to grow. The task ahead is to define the functional consequences of phosphorylation during DNA replication. Novel methods that are developed for functional genomics will help to dissect this extremely complex network of regulation and to more accurately define the protein complexes that are involved in DNA replication (such as for RPA, as discussed above). Once the pieces of this puzzle are assembled, the next goal will be to determine how and when each phosphorylation modification occurs during the cell cycle. This is especially important if the control of phosphorylation is considered to be part of the framework of checkpoint control mechanisms (Norbury & Hickson, 2001 ), and will lead to an understanding of how DNA lesions activate the DNA damage response proteins through phosphorylation. 
